Sexual dimorphism in the body shape of Antarctic krill (Euphausia superba) was investigated and its influence on target strength (TS) was clarified using a theoretical scattering model. The TS which is used to convert acoustic backscatter to krill density was also presented. Body shape data were obtained from 456 specimens (54 juveniles, 200 males, and 202 females) collected off Adélie Land using a Rectangular Midwater Trawl. The sexual dimorphism manifested as a swollen cephalothorax in female krill with body lengths exceeding 40 mm. The TS of female krill was higher than those of male krill at low frequencies, even when body lengths were the same. This is because of the Rayleigh scattering region and the transition region to the geometric scattering region. The influence of the sexual dimorphism on the TS was small at frequencies exceeding 70 kHz, which are close to the geometric scattering region. The regression curve derived from the predicted TS of 456 specimens was in reasonable agreement with the measured TS in other previous studies, and the regression curve could be applied to the acoustic surveys of Antarctic krill.
Introduction
Antarctic krill (Euphausia superba) is a very important component of the Southern Ocean food web, because marine animals such as whales, seals, fish, birds, and squid, feed on them either directly or indirectly (Everson, 2000) . The commercial fishery of Antarctic krill that started in the early 1970s (Miller and Agnew, 2000) is also important (CCAMLR, 2009) . Consequently, biomass estimations of Antarctic krill have been conducted by acoustic surveys using scientific echosounders since 1980s (Hewitt et al., 2004) .
There are many studies on the target strength (TS) of Antarctic krill (e.g., Amakasu and Furusawa, 2006; Demer and Conti, 2005; Foote et al., 1990; Greene et al., 1991; Lawson et al., 2006; McGehee et al., 1998) , because the TS is essential for converting the volume backscattering strength measured by the scientific echosounders during the acoustic surveys to the krill density. Also the frequency-dependence of the TS is important information for discriminating Antarctic krill from other animals (Watkins and Brierley, 2002) .
The TS of Antarctic krill is a complex function of acoustic frequency, body length, material properties, orientation, and body shape. Of these, material properties which are density and sound-speed contrasts are particularly important parameters in theoretical scattering models. The frequency distribution of the orientation angle is also essential for averaging the TS pattern which is the TS as a function of the orientation angle (Foote, 1980; Lawson et al., 2006) . In terms of body shape, the bending of the abdomen and scattering from the pleopods has been reported to be responsible for the TS variation (Amakasu and Furusawa, 2006) . However, from the viewpoint of the acoustic scattering, few studies of sexual dimorphism in body shape have been made to date. Since the cephalothorax in mature female krill is swollen owing to the presence of an enlarged ovary, the body shapes differ between the sexes. It is therefore possible that the TS of male and female krill will also differ even though the body lengths are the same.
In this study, the sexual dimorphism in body shape of Antarctic krill is investigated and its influence on the TS is clarified. The TS which is used to convert acoustic backscatter to krill density is also presented (hereafter referred to as practical TS).
Materials and methods

Sexual maturity staging and morphological measurements
Antarctic krill were collected using a Rectangular Midwater Trawl (RMT 8, mesh size: 4.5 mm, mouth area: 8 m 2 , Bakerde et al., 1973 ) during a survey conducted as a part of the Collaborative East Antarctic Marine Census (CEAMARC) project off Adélie Land by the training research vessel TRV Umitaka Maru of the Tokyo University of Marine Science and Technology (Fig. 1) . The Antarctic krill used in this study were mostly collected in water layers shallower than 200 m. Krill sex and maturity stages were identified using the classification of Makarov and Denys (1981) . Body length was measured from the anterior margin of the eye to the tip of the telson without terminal spines.
To predict the TS of specimens, a distorted-wave Born approximation (DWBA)-based deformed cylinder model (Chu et al., 1993; McGehee et al., 1998; Stanton et al., 1998) was used (See Section 2.2). In this model, the body shape of Antarctic krill is considered to be a deformed cylinder with a circular-cross section at every point along the body axis. The position vector of the body axis and the cross-sectional radius at every point are required for the model algorithm. In this study, these parameters were obtained as follows. The lateral images of specimens were captured at a resolution of 1280 Â 960 pixels by a macro mode of a digital camera mounted on a copy stand. A specimen and a ruler were set under the digital camera and the lateral image was captured for each specimen. The image of the ruler was used for converting pixel to length. The abdomens of the specimens were slightly bent or straightened. The shape data were extracted by digitizing manually the upper and lower outlines of the body at approximately 1 mm resolution. The position vector and the cross-sectional radius were obtained from the shape data. The crosssectional radius was defined as half of the body height at every point. The maximum cross-sectional radii were combined with sex and body length data to compare the sexual dimorphism in body shape of Antarctic krill.
Distorted-wave Born approximation-based deformed cylinder model
The DWBA is a theoretical scattering model (Chu et al., 1993; Morse and Ingard, 1968; Stanton et al., 1993b) , which is capable of describing the acoustic scattering by weakly scattering bodies that have density and sound-speed of the body similar to those of the surrounding medium (e.g., euphausiids and copepods). The DWBA-based deformed cylinder model (DWBA-DCM) used in this study is the DWBA approach for the deformed cylinder shape (Stanton et al., 1998) .
The backscattering amplitude f bs of the DWBA-DCM is given by
where q t is the orientation angle of the body, which is 0 when the orientation is horizontal. Positive q t and negative q t denote head up and head down orientations, respectively. k is the wave number (k ¼ 2p/l) and the subscripts "1" and "2" represent the surrounding medium and the scattering body, respectively. l is the wavelength (l ¼ c/f where c is the sound-speed and f is the frequency). r ! pos is the position vector of the body axis and r c is the cross-sectional radius. g and h are the density and sound-speed contrasts between the body and the surrounding medium, respectively. i is the imaginary unit ði ¼ ffiffiffiffiffiffi ffi (2) is the wave number vector of the incident wave and k ! 2 in Eq. (1) is obtained by the relation k ! 1 =h. Similarly, k 2 is obtained by the relation k 1 /h. J 1 is the Bessel function of the first kind of order 1 and b tilt is the angle between the incident wave and the circular-cross section. The relationship among the target strength TS, f bs , and the backscattering cross-section s bs is given by
where TS(q t ) is the TS pattern. In this study, c was assumed to be 1448 m s À1 , which was the mean sound-speed calculated by the equation of Mackenzie (1981) using the temperature and salinity profiles obtained by CTD observations from 22 stations off Adélie Land (Fig. 1 ). f were assumed to be 18, 38, 43, 70, 120, 200, 333 , and 420 kHz, which were the operating frequencies of the recently equipped scientific echosounders. Although Chu and Wiebe (2005) reported g and h for Antarctic krill as functions of body length, according to Takao et al. (unpublished data) several measurements of g and h were not in agreement with the functions. Further studies regarding g and h are therefore required. In this study, g ¼ 1.0357 and h ¼ 1.0279 were taken from Foote et al. (1990) and Foote (1990) as these values were assumed to be appropriate at present. The TS pattern was predicted at 1 steps between À180 and 180 .
Average target strength
The TS pattern predicted by the DWBA-DCM was averaged over the frequency distribution of q t . The average TS (TS) and the linear value (s bs ) are given by
TS ¼ 10 log 10 s bs ð5Þ
where p(q t ) is the probability density function of q t and is assumed to be a normal distribution with the mean q t and the associated standard deviation. Several articles on the orientation angle of Antarctic krill have been published to date, including Kils (1981) and Endo (1993) who measured q t of Antarctic krill in an aquarium, Chu et al. (1993) and Demer and Conti (2005) who indirectly estimated the frequency distribution of q t by using the TS predicted by theoretical scattering models, and Lawson et al. (2006) who conducted measurements of q t in situ with a video plankton recorder and obtained the frequency distribution. According to Lawson et al. (2006) , the predominant q t were observed between À100 and 100 , and the mean q t was 0.0 with a standard deviation of 27.3 . Since the measured q t of Lawson et al. (2006) were the only in situ data, the mean q t of 0.0 and the standard deviation of 27.3 were used in this study.
Normalized target strength
When the TS for the wide range of frequency or body length is examined, it is convenient and rational to show the normalized TS as a function of the ratio of body length to wavelength (L/l) (Furusawa, 1988) . The normalized TS (TS cm ) is given by
where L cm is the body length in cm.
Results and discussions
Sexual dimorphism in body shape
The shape data were obtained for 456 specimens and the length-frequency distribution of juveniles, males, and females are shown in Fig. 2 . The number of juveniles was relatively small and krill with body lengths less than 28 mm were not collected by the RMT 8. However, the length range of Antarctic krill that can be observed by the acoustic surveys was mostly covered.
Typical shape data of male and female krill are shown in Fig. 3 . The thickest section along the body axis was found around the cephalothorax for all specimens. The cephalothoraxes of mature females were thicker than those of males due to the presence of the enlarged ovary, even when the body lengths of the sexes were the same.
The relationship between the maximum crosssectional radius and body length are shown in Fig. 4 . The thickness of the cephalothorax (maximum crosssectional radius) of juvenile and male krill was directly proportional to body length, and these could be expressed by a single regression line. Although the thickness of the female cephalothorax also increased with body length, this relationship could be expressed by a quadratic regression curve. The sexual dimorphism in the cephalothorax shape was apparent in Antarctic krill greater than approximately 40 mm.
Sexual dimorphism in target strength pattern
The TS patterns of the specimens in Fig. 3 predicted by the DWBA-DCM are shown in Fig. 5 . Only the TS patterns at 38, 70, 120, and 200 kHz, which were typically used for the acoustic surveys of Antarctic krill, are shown. The TS patterns of 37 mm male and female krill were similar at all frequencies and marked differences between the sexes were not observed. Conversely, differences in the TS patterns of 50 mm krill, which exhibited marked sexual dimorphisms in body shapes (Fig. 3) , were particularly apparent. The TS of female krill at 38 kHz was higher than those of male krill and the maximum TS in the main lobe was 3 dB higher. At 70 kHz, the TS patterns of both sexes were similar. Although the TS pattern of male krill at 120 kHz was systematic pattern, the TS pattern of female krill had a large dip at approximately 0 and relatively higher side lobes. The TS patterns of male and female krill at 200 kHz were more complicated patterns and had several dips. These dips are considered to have arisen due to destructive interference between the acoustic waves from the front and back interfaces of the body (Stanton et al., 1993a) . The TS of female krill was very high at approximately AE90
. It was supposed that this was due to the deformed cylinder approximation of body shape (Lavery et al., 2002) .
Sexual dimorphism in average target strength
The average TS of 456 specimens were obtained from the TS patterns predicted by the DWBA-DCM at a variety of frequency (18, 38, 43, 70, 120, 200, 333 , and 420 kHz). As shown in Fig. 6 , the normalized TS obtained by Eq. (6) is used for the discussion in some of the following sections, because the range of frequency or body length is wide.
The normalized TS of female krill were higher than those of male krill at L/l < 1.7, which correspond to frequencies of 18, 38, and 43 kHz, even when L/l was the same (i.e., when body lengths of the sexes were the same). While the normalized TS of female krill were slightly lower than those of male krill at 2.4 < L/l < 4.7, which correspond to a frequency of 120 kHz, the differences were not larger than those at 18, 38, and 43 kHz.
In order to investigate the sexual dimorphism in detail, average TS at 38 kHz were expressed as a function of body length (Fig. 7) . Although variations of the average TS were observed among specimens, the sexual dimorphism was clearly observed to increase gradually as body length exceeded approximately 40 mm. As shown in Fig. 4 , the sexual dimorphism in the body shape was also apparent in specimens greater than 40 mm. At lengths of 50 mm, the average TS of female krill were 2.2 dB higher than that of male krill. This disparity increased to approximately 3 dB at body lengths greater than 50 mm. In case of estimating the average TS of female krill with body lengths greater than 38 mm, using the regression equation TS ¼ 71:4log 10 L À 197:9 might be appropriate.
The frequency region of 18, 38, and 43 kHz at which the sexual dimorphism in the normalized TS appeared (Fig. 6 ) corresponds to the Rayleigh scattering region. Also the transition region to the geometric scattering region has some of the characteristics of the Rayleigh scattering region. Since the linear value of the TS is proportional to the square of the volume in the Rayleigh scattering region (Furusawa et al., 1994; Johnson, 1977) , the normalized TS of mature female krill is higher than that of male krill, even when body lengths of the sexes were the same. On the other hand, this sexual dimorphism does not appear at frequencies higher than 70 kHz, which are close to the geometric scattering region.
Average target strength for abundance estimations
The relationship between average TS and body length can be expressed by TS ¼ Alog 10 L þ B. Although the average TS at 38 and 70 kHz predicted in this study could be expressed by this form, this was not possible for the average TS at 120 and 200 kHz. Therefore, the normalized TS as a function of L/l were approximated to a polynomial expression similar to Equation (2) of Demer and Conti (2005) . The normalized TS at the L/l range from 0.76 to 7.80 can be expressed as TS cm ðL=lÞ ¼ À 0:05ðL=lÞ 4 þ1:1038ðL=lÞ 3 À 8:5881ðL=lÞ 2 þ27:291ðL=lÞ
This equation was obtained from the normalized TS in the L/l range from 0.76 to 7.80 (excluding the normalized TS of female krill at 38 kHz), but the extension from 0.52 (20 mm at 38 kHz) to 8.29 (60 mm at 200 kHz) would be allowed.
The regression curve of the normalized TS obtained by Eq. (7) and the previously measured normalized TS are shown in Figs. 6 and 8. The normalized TS of Foote et al. (1990) , which were obtained from encaged aggregations of live Antarctic krill, were in relatively good agreement with the regression curve. The normalized TS of Pauly and Penrose (1998) , which were obtained from live individual krill kept in an experimental tank, were also in good agreement with the regression curve. Although the normalized TS of Hewitt and Demer (1991) was measured in situ, this was not in agreement with the regression curve. As mentioned in Hewitt and Demer (1991) and Demer and Conti (2005) , the TS of Hewitt and Demer (1991) could be positively biased. The normalized TS of the TS-L relationship proposed by Greene et al. (1991) were higher than the regression curve and this was similar to the results of Lawson et al. (2006) . This TS-L relationship was provisionally proposed to estimate the TS of Antarctic krill as mentioned in Greene et al. (1991) and SC-CAMLR (1991) . On the assumption that the relationship between TS and body length is linear, the TS-L relationship was derived from the measured TS at 420 kHz of various crustaceans but not Antarctic krill . It does not take account of body length, shape, orientation, and material properties of Antarctic krill. The normalized TS of Lawson et al. (2006) , which were measured in situ at 43, 120, 200, at 420 kHz, agreed reasonably well with the regression curve, excluding the normalized TS at L/l ¼ 0.7. According to Lawson et al. (2006) , the normalized TS at L/l ¼ 0.7 included the positive bias for a variety of reasons. It was found that the regression curve of normalized TS obtained by Eq. (7) was in reasonable agreement with previously published data. Therefore, Eq. (7) surveys of Antarctic krill. However, it is still necessary to clarify issues related to the frequency distribution of the orientation angle, and density and sound-speed contrasts. The frequency distribution of the orientation angle was assumed to be the normal distribution with the mean angle at 0.0 and the standard deviation of 27.3 (Lawson et al., 2006) . However, in situ observation for the orientation angle should be made in future, because the knowledge of the in situ orientation angle was not enough yet. Recently, it has become possible to measure in situ not only orientation angle but also TS and body length, because acoustical and optical systems have been developed (e.g., Sawada et al., 2009) . If the observations using such systems are frequently made, enough knowledge of the in situ orientation angle will be obtained and also it will be possible to verify Eq. (7) using in situ TS. In this study, the density and sound-speed contrasts were assumed to be 1.0357 ) and 1.0279 (Foote, 1990) , respectively. Similar to the orientation angle, these material properties need to be clarified in future, because there are very important parameters for theoretical scattering models.
Conclusions
The sexual dimorphism in the body shape of Antarctic krill was investigated and its influence on the TS was clarified using the theoretical scattering model. The practical TS for acoustic surveys of Antarctic krill were also presented.
(1) The sexual dimorphism in the body shape occurs at the cephalothorax of Antarctic krill with body lengths greater than 40 mm, and affects the TS pattern. (2) The average TS of female krill with swollen cephalothoraxes are higher than those of male krill at 18, 38, and 43 kHz (small L/l range), even when the body lengths of the sexes are the same, because this frequency region corresponds to the Rayleigh scattering region and the transition region to the geometric scattering region. (3) The influence of the sexual dimorphism on the average TS is small at frequencies higher than 70 kHz. (4) The regression curve of the normalized TS obtained by Eq. (7) is in good agreement with previously published data. This regression curve can be practically applied to acoustic surveys of Antarctic krill.
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